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Introduction
Mixed-metal compounds with bridging ligands have been of interest for quite some time, [1] [2] [3] [4] [5] both because of their magnetic exchange interactions and because similar units occur in nature in a variety of proteins and enzymes [6] . Among these compounds iron(II) and iron(III) coordination compounds are prominent in having an oxide bridge, that may be either linear or bent [7] [8] [9] [10] [11] [12] . The interest in such iron(II) and iron(III) compounds largely stems from magnetic exchange interactions between the metal ions [13] [14] [15] [16] and many species having the Fe(III)-O-Fe(III) bridge structure are found in the Cambridge Crystallographic Database [17, 18] . In the last few decades interest has also arisen in homo-and heteronuclear species bridged by a cyanide ligand [19] [20] [21] [22] [23] [24] . The versatility of cyanide ligands as bridges is based on their ability to often act as a rigid end-on ligand bridge and, due to the linear and rigid geometry of the CN groups, often rather co-linear M-CN-M species are found, although slight bending at the C-N-M angle may occur [19, 20] .
In order to explore the combination of oxido and cyanido bridging, we have used a mixture of Fe(III) and Co(III) in combination with the common tripodal tetradentate ligand tris(2-pyridylmethyl)amine, abbreviated as tpa. Herein we report on the synthesis of a unique mixed-metal compound based on Co(III) and Fe(III). The characterization and structure determination of the compound has been performed by infrared spectroscopy, elemental analysis, thermogravimetric and differential scanning calorimetry, and single crystal X-ray crystallography. The magnetic properties were studied in detail upon cooling from 300 to 2 K in order to explore the dinuclear Fe(III) exchange interactions in 1(H 2 O) 9 ; the pseudo-octahedral Co(III) ions are diamagnetic.
Experimental Results

Reagents, starting materials and synthesis techniques with characterization.
The starting products used for the synthesis of 1, i.e., FeSO 4 ٠ 7H 2 O, tris(2-pyridylmethyl)amine and K 3 [Co(CN) 6 ] were purchased from Sigma-Aldrich and used without further purification.
The synthesis recipe followed was: A mixture of a methanol solution (2 mL) of tpa (0.1 mmol, 29 mg) and an aqueous solution (2 mL) of FeSO 4 ٠ 7H 2 O (0.1 mmol, 28 mg) was layered onto an aqueous solution (3 mL) of K 3 [Co(CN) 6 ] (0.1 mmol, 33 mg) in a test tube.
The tube was sealed and left undisturbed at room temperature. Slow diffusion of the resulting solution afforded red crystals of 1 within two weeks, which were filtered and carefully air-dried between filter paper. No further drying was applied.
Analyses for undried samples used for powder X-ray diffraction, thermogravimetric, and Elemental analyses (C, H and N) were performed using a Perkin-Elmer 2400 series II CHN analyser. Infrared spectra were recorded in the range 4000-400 cm -1 as KBr pellets on a FT-IR EXCALIBUR FTS-3000 spectrometer.
X-ray crystallography
Diffraction data were collected at 293 K using a Bruker APEXII CCD diffractometer and graphite-monochromatised Mo-Kα (λ = 0.71073 Å) radiation. Data collection, cell refinement and data reduction were performed using APEX2 and absorption correction with SADABS [25] . Details of the crystal data, data collection and structure refinement are summarized in Table 1 . The structure was solved by direct methods using SHELXS-97 [26] and refined by full-matrix least squares on F 2 with all data, using SHELXL-2014 [26] . All H atoms bonded to C atoms were located in difference maps, and then treated as riding atoms in geometrically idealised positions with C-H distances of 0.93 Å (pyridyl) or 0.97 Å (CH 2 ) and with U iso (H)= 1.2 U eq (C). Fourteen low-angle reflections, which had all been attenuated by the beam stop, were omitted from the data set. Conventional refinement of the ionic components converged only to R 1 = 0.0975 and wR 2 = 0.3202, and the difference map at this point contained a substantial number of significant but isolated maxima.
Accordingly, two parallel refinements were then undertaken. In one, the difference peaks which were within a plausible hydrogen-bonding distance either of potential donors or acceptors in the ionic components or of each other, were all assigned as the O atoms of partial-occupancy water molecules: for all of these sites, the atomic coordinates and the site occupancies were independently refined with U iso (O) fixed at 0.07 Å 2 in each case.
However, it did not prove possible to identify any H atom sites associated with these putative O atoms, but this refinement converged to R 1 = 0.0559 and wR 2 = 0.1861 for 1175 refined parameters. In a second refinement, the structure from the initial refinement was subjected to the SQUEEZE procedure [27] within PLATON [28] and the subsequent refinement then converged to R 1 = 0.0431 and wR 2 = 0.1038, for rather fewer refined parameters than before, 1129, and with somewhat better precision for the geometric parameters as compared with the hydrated refinement model.
After the final refinement, there were four bad outlier reflections, all of which were rather The water molecules, shown from elemental analysis, however, could not be located and refined. Hence, it was decided to present the structural details of this latter refinement after squeeze, ignoring the water molecules present in the voids. The details for the structure and refinement are listed in Table 1 . SQUID magnetometer. Because this sample was not dried before the magnetic measurements, it contained water that cannot be ignored in the analysis of the magnetic properties. The best estimate of the number of water molecules per mole of 1 is nine as indicated by the above analysis of the single crystal X-ray diffraction refinement and the thermogravimetric analysis (see supporting information). Hence, the composition of the sample used for the magnetic measurements is referred to as 1(H 2 O) 9 with a molecular mass of 2105.13 g/mol. The discussion of the magnetic measurements below is for 1(H 2 O) 9 and some results in terms of 1 are shown in the electronic supplementary information and provide a range of fitted parameters for the in principle uncertain number of crystallization water molecules.
All reported fits of the temperature dependence of the magnetic susceptibility,  M , were carried out with the gnuplot code [29] , which uses an implementation of the nonlinear least-squares Marquardt-Levenberg algorithm. The goodness of fit is calculated as the root mean-square, rms, of the deviation between calculated and measured values.
All molar magnetic susceptibilities have been corrected for a core diamagnetic contribution by subtracting -0.001090 cm 3 /mol from the observed molar susceptibility of 1(H 2 O) 9 ; the Pascal constants were obtained from Bain and Berry [30] . Subsequent to the above magnetic susceptibility measurements, the results have been duplicated within experimental uncertainties on a second newly prepared sample, isothermal magnetization measurements were performed at 2 K over an applied field range of ±7 T.
Details on the thermogravimetric analysis and X-ray powder diffraction pattern of the sample used for magnetic measurements are given in the supplementary information. +0.500 and -0.384
Results and discussion
Synthesis and characterization
The isolation and characterization of Co 2 Fe 4 O 2 (CN) 12 (tpa) 4 , 1, was primarily performed by using elemental analysis and IR spectroscopy. Repeated syntheses using various temperatures of 10 to 40 °C and various times indicated that the synthesis was reproducible and samples analysed best for 1(H 2 O) 9 .
Description of the crystal structure
Compound 1 Table 2 , whereas bond angles are presented in Table S1 . Refinement after SQUEEZE gave essentially the same results within experimental error, and are not tabulated again. The relative orientation of the three different units and their codes are presented in Figure 4 , that also indicates the magnetic exchange parameters used (vide infra). Figure 4 . Relative orientation, unit coding and the Heisenberg isotropic exchange parameters used for compound 1.
Magnetic properties
An analysis of the magnetic properties of 1(H 2 O) 9 presents a challenge, because its molar magnetic susceptibility,  M , see Figure 5 , or for 1, see Figure S2 , is very small, as might be expected of a compound whose asymmetric unit consists of a dinuclear 9 , see Figure 5 and 1, see Figure S2 .
As a consequence, the temperature dependence of  M measured at 500 Oe upon cooling from 300 to 2 K of 1(H 2 O) 9 and 1 has been fitted with function (1),
where J 1 corresponds to the antiferromagnetic exchange, in the dinuclear Fe12 dication, J 2 corresponds to the antiferromagnetic exchange, which is considered to be equivalent, in both of the half-dinuclear Fe33a and Fe44b dianions, g is the Landé-factor constrained to 2.00 as expected for high-spin Fe(III), N is the second-order Zeeman contribution to  M resulting from the two Co(III) ions and perhaps to a lesser extent from the four Fe(III) ions present, C Fe(III) is the Curie constant in cm 3 K/mol for isolated impurity high-spin Fe(III) ions with S = 5/2 and g = 2, and y is the fractional amount of this impurity. In a first fit, J 1 and J 2 were constrained to be equal in function (1). The resulting fit as shown in Figure S3 is rather poor. Second, J 1 and J 2 were independently refined and the resulting fit, shown in Figure 5 left with the resulting parameters given in Table 3 , is excellent. Because, rather unexpectedly, J 1 is very negative, the contribution of the unit Fe12 to the magnetic susceptibility is essentially zero at all temperatures, i.e., the dinuclear unit behaves diamagnetically and effectively has a Heisenberg S = 0 electronic spin ground state. A fit with function (2),
where J is the exchange coupling constant for units Fe33a and Fe44b, was carried out. The resulting fit is shown in Figure 5 right and even though its visual quality is as good as that shown on the left, its statistical quality is slightly, perhaps significantly, poorer.
Functions (1) and (2) correspond to the case in which the Fe(III) impurity is intrinsic to the sample preparation and function (3),
corresponds to the case in which the Fe(III) impurity is derived from the decomposition of a dinuclear Fe(III) species. Because the fits with function (3) yield statistically the same fits as those with functions (1) and (2), only the fit with function (1), which is the best fit, is discussed in detail below.
The best  M fit parameters for both compositions 1 and 1(H 2 O) 9 , corresponding to the fit with functions (1) and (2) shown in Figures 5 and S2 , are given in Table 3, a table which also gives the comparable fits obtained with function (3). The difference in the best parameters obtained for 1 and 1(H 2 O) 9 provides an uncertainty that is more realistic than the statistical uncertainties. It is important to note that there is often significant correlation between the fit parameters and the correlation coefficient matrix for each of the fits given in Table 3 are presented in the ESI in Table S2 ; in all cases the most significant and always negative correlation is found between J 2 and N. 9 , with functions (1), (2) and (3) In the following, we present a very tentative assignment of the two different coupling constants to the Fe33a and Fe44b dinuclear species and the Fe12 species in 1. Table 3 . In contrast, the most unexpected aspect of the fits shown in Figure 5 and Figure S2 and the resulting values given in Table 3 Unfortunately, the magnetic results reported herein always yield the sum of the magnetic properties of all the Fe(III) ions present. In order to provide fundamental support for an assignment of the two exchange coupling constants to the sites in 1, a future density functional theory study of the magnetic exchange pathways may be useful or required.
To obtain further insight in the magnetic properties, the magnetisation of 1 or 1(H 2 O) 9 has also been measured at 2 and 300 K in an applied field between ±7 T. The observed moments at 300 K are so small that the results were found unreliable. In contrast, at 2 K and at fields of ±6 T the observed moments are, in part, sufficient enough to yield reliable results, see Figure 6 (and Figure S4 for 1) . At 2 K the magnetisation is dominated by the high-spin Fe(III) impurity and thus the magnetisation, M, in units of N has been simulated with the expression
where H is the applied field in Tesla and B is the Brillouin function calculated for g = 2, S = At fields between ca. ±2 T the magnetisation results from the Fe(III) impurity present.
But at ca. ±2 T the magnetisation of this impurity is saturated and no longer increases with the applied field. As a consequence, the 2 K magnetisation between ±2 and ±6 T is dominated by the core diamagnetism of 1 or 1(H 2 O) 9 and the small diamagnetic contribution of the sample holder and, hence, the observed magnetisation decreases linearly between 2 and 6 T and increases between -2 and -6 T, as shown in Figures 6 and S4 . The very small 2 K magnetisation and its field dependence again support the presence of strong antiferromagnetic coupling in the dinuclear units present in 1. Figure 6 . The 2 K magnetisation of 1(H 2 O) 9 . The black solid line is a simulation with equation (4) and the parameters given in the text. The similar curve for 1 is shown in Figure  S4 .
The above analysis of the magnetic susceptibility and magnetisation assumes that all Fe(III)
ions are in their high-spin, S = 5/2, state, an assumption that is highly likely in view of the average Fe(III) to six near-neighbour coordination distances of 2.071(2), 2.076 (2) (Table S3 , Figure S5 ).
Structure & Magnetic Discussion
Among several hundred dinuclear Fe-O-Fe units found in the CDCD database, [18] there are only ten structurally characterised dinuclear species with the FeN 5 O environment observed in compound 1 and only two of these have been magnetically characterised, see the top two lines in Table 4 In these two cases [11, 12] angles are very similar in these compounds, see Table 4 . The slightly shorter Fe-O bond distances in 1 lead to a more negative J value. 9 .
In contrast, the CCDC shows only four structurally characterised Fe-O-Fe dinuclear species also having an additional SO 4 2-bridge [7] [8] [9] [10] , as observed in dication Fe12 in compound 1 (see Table 5 ). Unfortunately, none of these dinuclear species has been magnetically characterised and, therefore, our study is the first magnetic characterisation of Table 4 ). Both factors result in a much better orbital overlap in Fe12 and, therefore, in a stronger antiferromagnetic coupling. 
4.
Concluding Remarks
The results presented and discussed above have shown that . CH 3 CN with J = -264 cm -1 , where bpy is 2,2'-bipyridine and AcO is acetate [36] .
Several further examples of µ-oxido-bridged dinuclear Fe(III) compounds that are effectively diamagnetic at temperatures up to ca. 300 K may be found in the extensive table published by Weihe and Güdel [37] . Surprisingly, there is no obvious bond metric that seems to account for the strong antiferromagnetic exchange in these compounds.
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Appendix A. Supplementary data.
CCDC 1812913 contains all the supplementary crystallographic data for the title compound. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/########. Table S1 shows the important bonding angles around the metal ions. Table S2 lists the correlation between the parameters in the refinement of the magnetic fits. Table S3 shows exchange parameter assuming that some of the Fe(III) has a spin 1/2 and 3/2. Table  S4 list the correlation between the parameters for hypothetical cases where some Fe(III) has spin 1/2 and 3/2. Figure S1 shows the structure and numbering of the anionic unit Fe44a. Figure S2 shows the fit of the magnetic susceptibility for 1, Figure S3 shows the fit of the magnetic susceptibility for 1(H 2 O) 9 with one exchange coupling constant for all three dinuclear units. Figure S4 shows the magnetisation of compound 1 at 2 K. Figure S5 shows some fits for hypothetical cases where some Fe(III) has spin 1/2 and 3/2. Figure S6 . Thermogravimetric analysis and differential scanning calorimetric plot of 1(H 2 O) 9 measured under N 2 atmosphere at a scan rate of 10 ºC/min. Figure S7 . Simulated and experimental X-ray powder diffraction patterns for compound 1(H 2 O) 9 .
